ABSTRACT The objective of this research is to investigate appropriate random regression models with various covariance functions, for the genetic evaluation of test-day egg production. Data included 7,884 monthly egg production records from 657 Thai native chickens (Pradu Hang Dam) that were obtained during the first to sixth generation and were born during 2007 to 2014 at the Research and Development Network Center for Animal Breeding (Native Chickens), Khon Kaen University. Average annual and monthly egg productions were 117 ± 41 and 10.20 ± 6.40 eggs, respectively. Nine random regression models were analyzed using the Wilmink function (WM), Koops and Grossman function (KG), Legendre polynomials functions with second, third, and fourth orders (LG2, LG3, LG4), and spline functions with 4, 5, 6, and 8 knots (SP4, SP5, SP6, and SP8). All covariance functions were nested within the same additive genetic and permanent environmental random effects, and the variance components were estimated by Restricted Maximum Likelihood (REML). In model comparisons, mean square error (MSE) and the coefficient of detemination (R 2 ) calculated the goodness of fit; and the correlation between observed and predicted values (ρ y iŷ r i ) was used to calculate the cross-validated predictive abilities. We found that the covariance functions of SP5, SP6, and SP8 proved appropriate for the genetic evaluation of the egg production curves for Thai native chickens. The estimated heritability of monthly egg production ranged from 0.07 to 0.39, and the highest heritability was found during the first to third months of egg production. In conclusion, the spline functions within monthly egg production can be applied to breeding programs for the improvement of both egg number and persistence of egg production.
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INTRODUCTION
The broiler chicken industry has grown considerably since 2000 and is now second to pork in terms of the total volume of world meat production (USDA, 2014) . Poultry consumption continues to increase, as white meat, such as chicken meat, becomes more widely recognized as superior in health aspects compared to red meat, given the relatively low content of triglycerides, cholesterol, and saturated fatty acids (Qiao et al., 2002; Wattanachant et al., 2004; Jaturasitha et al., 2008) . Consumers also appreciate the relatively low price, convenient portions, and the lack of religious restrictions in chicken meat consumption (Jaturasitha et al., 2008 Poultry production and consumption in Thailand have greatly increased over the past few decades. Thai consumers prefer meat from Thai native chickens or Thai native crossbred chickens, due to the fine meat texture, low cholesterol content, and good taste compared to commercial broilers (Wattanachant et al., 2004; Jaturasitha et al., 2008) . Additionally, the market price of native chicken meat is at least twice that of commercial broiler chicken meat (Wattanachant et al., 2004) . On the other hand, Thai native chickens have slower growth rates and lower egg production than the commercial broilers (Wattanachant et al., 2004; Jaturasitha et al., 2008; Boonkum et al., 2012) .
The lower egg production of native chickens limits the number of day-old chicks, increases the costs of production, and constrains market demand. Therefore, increasing egg production is a key factor to improving the efficiency and profitability of native chicken production. Several recent studies have attempted to increase egg production through the use of feed supplements and management (Engberg et al., 2009; Ovwigho 274 et al., 2009 ). Nwagel et al. (2007 and Wolc et al. (2011) sought to increase egg production through genetic selection, which proved to be comparatively more successful in laying hens and created a more sustainable production environment. Today, genetic selection for cumulative monthly egg production has become widely used in many countries. Best Linear Unbiasd Prediction (BLUP) methodology, which includes random regression models (RRM), has become the benchmark for the estimation of breeding values (Henderson, 1982; Schaeffer and Dekkers, 1994) . The RRM methodology was originally used in the analysis of milk production in dairy cattle to describe the genetic variation of individuals, at different points in time (Swalve, 2000; Jensen, 2001) . The use of monthly production records for the genetic evaluation of laying hens through RRM came about through the research of Anang et al. (2002) , Mielenz et al. (2002) , and Luo et al. (2007) . The advantage of the RRM is the ability to estimate the genetic parameters and genetic variation curves for monthly egg production. This model has proven to be successful in poultry breeding programs, useful in the selection of individual chickens, and could potentially improve egg production and persistency of egg laying hens (Savegnago et al., 2012) . The RRM also increases accuracy of selection, due to the adjustment of monthly environmental effects on the first d of the egg production period (Henderson, 1982; Swalve, 2000; Jensen, 2001) . Several functions are used within the RRM to fit the production curves, most of which, originating from research in the milk production of dairy cattle, also may be applied to egg production in chickens. Several research efforts have been made to describe the egg production curve, fitting random regression functions in egg production data within different commercial poultry populations Luo et al., 2007; Wolc and Szwaczkowski, 2009; Venturini et al., 2012) . Their extensive usage includes the Legendre polynomials functions to fit the RRM in broilers (Luo et al., 2007) and layers (Venturini et al., 2012) , and the Koops and Grossman function, within native chickens (Chaonanaue, 2009; Boonkum et al., 2012) . Splines, an alternative function to the model egg production curves, are curves constructed piecewise from lower degree polynomials, and then joined smoothly at specified junction points, called knots (Misztal, 2006) . However, linear spline models have been considered only for fitting within growth curves in poultry (Aggrey, 2002) and, therefore, it would be interesting to assess whether linear spline models could also be applied for egg production curves as well.
The objectives of this study are to: (1) investigate appropriate random regression models with various covariance functions for improved monthly egg production; and (2) select the optimum models, and estimate the genetic parameters of test-day egg production for the selection on individual genetic merit of egg production and persistency in Thai native chickens. 
MATERIALS AND METHODS

Data Collection
Data was obtained through the Research and Development Network Center for Animal Breeding (Native Chickens), Faculty of Agriculture, Khon Kaen University. Records of egg numbers and pedigree information were gathered for six generations of Thai native chickens (Pradu Hang Dam) during the period of 2007 to 2014. Hens were kept in individual cages, and the number of eggs produced each d was recorded for each cage of hen. Cumulative egg numbers were generated by summing the egg numbers from mo one to 12. The age at the first egg (AFE) is defined as the number of d from chick hatching to their first egg laid. The individual monthly egg production from d one to d 360 of production was calculated and used in the analyses. In the data editing process, the individuals with a total cumulative egg number lower than 30 eggs over the 12 mo laying period were discarded, as they were considered to represent outliers (data outside 1.5 times interquartile range below the first quartile). After editing, total data included 7,884 monthly egg production records for 657 hens and 927 pedigree animals. These data were then used to estimate the genetic parameters for egg production (Table 1) . Additional available data included animal identification (ID) for cocks and hens, yr of birth, date/mo/yr for egg production record, generation, the hatch number, and age at first egg of hens. Feed was restricted to 100 grams/d/hen, and drinking water was given ad libitum in the open house system.
Models
Nine different random regression models were fitted, depending on the function used to model the egg production curve (Wilmink, Koops and Grossman, 3 Legendre polynomials functions with different orders, and 4 spline functions with different numbers of knots). The general RRM in scalar notation was:
where y ij k lt is the cumulative egg number per period; HM Y i is the fixed effect of the i th combination between hatch and test month-year; GEN j is the fixed effect of the j th generation (j = 1-6); AFE k is the fixed effect of age at first egg; a lm is the m th random regression coefficient for additive genetic effects of hen l; p lm is the m th random regression coefficient for permanent environmental effects of hen l; e ij k lt is the random residual effect; Z m (t) is the value of m th coefficients of covariance functions at egg production period t; and q is the number of coefficients of covariance functions. In this study the number of coefficients of covariance functions was equal both for the additive genetic and permanent environmental effects. The number of coefficients depends on the number of orders and number of knots in each model. The covariance functions used in equation [1] were: Wilmink function (WM), Koops and Grossman function (KG), Legendre polynomials functions with second, third, and fourth orders (LG2; LG3; and LG4, respectively), and spline functions with 4, 5, 6, and 8 knots (SP4; SP5; SP6; and SP8, respectively). For example, the value of q in the Legendre polynomial function of the fourth order was 4, in both the additive genetic and permanent environmental effects.
The covariance matrix for each model was:
where, G and P are the covariance matrixes for additive genetic and permanent environment effects, respectively. A is the additive genetic relationship matrix among animals (Henderson, 1976; Besbes et al., 1992; Luo et al., 2007) , I is an identity matrix, ⊗ is Kronecker product between matrices, and R is the diagonal matrix of residual variances allowed to differ for monthly egg production periods.
Covariance Functions Used in the Analysis
1. Wilmink function (Wilmink, 1987) :
, where a 0 = 1, a 1 , a 2 = regression coefficient; t = mo in egg production. (Koops and Grossman, 1991) :
Koops and Grossman function
, where D = number of mo in egg production (12 mo); t = mo in egg production at mo 1, 2, 3,. . . , 12; a,b,c = regression coefficient.
3. Legendre polynomials functions (second, third, and fourth orders) (Gengler et al., 1999) :
LG2 :
, where t = mo in egg production.
4. Linear spline functions (4, 5, 6, and 8 knots) (Misztal, 2006) : 
, and Z j = 0, where j i and j i + 1; for T i = t : Z i (t) = 0 and Z j = 0 where j = i, where T i is d in egg production at knot i th ; t is d in egg production located between knots T i and T i+1 .
Knot location was set in relation to the phenotypic egg production, from early egg laying (d one to 60), peak of production (d 60 to 110), and from peak to the end of egg production (d 110 to 360). Different knot locations along the declining stage of egg production were set and described as SP4 to SP8. In SP4 knots were at one, 60, 210, and 360 d in egg; in SP5 knots were at one, 60, 160, 260, and 360 d in egg; in SP6 knots were at one, 60, 160, 260, 310, and 360 d in egg; and in SP8 knots were at one, 60, 110, 160, 210, 260, 310, and 360 d in egg.
Cross-validation
The data were divided randomly into halves of approximately equal size. One half (training set) was used to estimate variance components and model effects, which were then used to test the predictive ability in the other half (validation set). This procedure was repeated 10 times for each of the 9 RRM. The correlation (ρ y i ,ŷ r i ) between the observed egg production (y i ) and the predicted value (ŷ r i ) was measured in the validation set (Biscarini et al., 2010; Buaban et al., 2015) . The average ρ y i ,ŷ r i over the 10 cross-validation replications was used to compare the RRM.
Comparison of Methods and Statistics
The variance components and genetic parameters were estimated by Restricted Maximum Likelihood (REML), using BLUPF90-ChickenPAK V.
2.5 (Duangjinda et al., 2005) . The 9 random regression models were compared in terms of: 1) goodness of fit, using mean square error (MSE) and the coefficient of detemination (R 2 ) from the whole data set, in which a lower MSE and higher R 2 indicate a better fit; 2) the predictive ability in terms of ρ y i ,ŷ r i through cross-validation, in which higher values indicate better predictive ability; 3) heritability (h 2 ); and 4) the production curve (Jamrozik and Schaeffer, 1997) . The MSE and R 2 are defined as:
where y it andŷ it are the observed and predicted values of egg production records of hen i at mo t of laying, n is the total number of hens, m is the total number of mo of egg laying, and nm is the total number of observed eggs produced in the data set.
where SSE is the sum of squares of the residuals, and SST is the total sum of squares.
RESULTS AND DISCUSSION
The average annual egg production of Thai native chickens (Pradu Hang Dam) over 6 generations was 117.5 ± 40.3 eggs/hen, and the average age at first egg was 200 ± 27.9 days. The results were similar in the range to those reported by Boonkum et al. (2012) but higher than those reported by Sang et al. (2006) and Oleforuh-Okoleh (2011) in which the native chickens' age at first egg ranged between 152 and 168 days. However, differences may be attributed to breeds and sexual maturity in each population (Savegnago et al., 2012) .
The average monthly egg production curves of the Pradu Hang Dam native chickens are presented in Figure 1 . Average monthly egg numbers were 9.8 ± 6.4 eggs. The production peak occurred in the third mo of the egg production period, averaging 15.0 ± 6.3 eggs, after which the monthly egg number decreased through the end of the production period. The results of the phenotypic egg production curve were similar to those previously reported by Boonkum et al. (2012) . Egg production curves are of great importance in practical poultry breeding for making predictions of egg production over time, in order to facilitate the early selection of breeder birds and effectively manage the housing dates, marketing efforts, and labor needs of the enterprise (Bindya et al., 2010) . Therefore, the consideration of selection through the egg production curve is also relative to the selection for high egg production (Savegnago et al., 2012) .
Selection of the Optimum Model
The results of the model comparisons are summarized in Table 2 . MSE in the Wilmink (WM) and Koops and Grossman (KG) functions were higher than 11.69 (MSE for LG2), whereas it was less than 11.69 in the Legendre polynomials (LG) and spline (SP) functions. R 2 for the WM and KG functions were lower than 0.80 (R 2 for LG2), yet greater than 0.80 in the LG and SP functions. MSE decreased and R 2 increased with increasing polynomial order and number of knots in both the LG and SP functions. For LG2, LG3, and LG4; MSE and R 2 ranged from 11.69 to 9.68, and 0.81 to 0.84, respectively. For SP4, SP5, SP6, and SP8; MSE and R 2 ranged from 11.50 to 8. LG2, LG3, LG4 = model with the Legendre polynomials functions with second, third, and fourth orders; SP4, SP5, SP6, SP8 = model with the spline function at 4, 5, 6, and 8 knots.
the validation data set, showed that models with WM (0.80) and KG (0.79) functions gave lower predictive abilities compared to models with LG (0.85 to 0.89) and SP (0.85 to 0.90) functions. All models with LG and SP functions offered predictive abilities greater than 0.85, which increased with the order of LG and number of knots in SP. However, the difference in heritability (h 2 ) of egg production in all models was insignificant (0.13 to 0.16).
In view of the MSE, R 2 , ρ y i ,ŷ r i
, and h 2 , the best models for estimation of the genetic parameters of the monthly egg production curve in Thai native chickens appear to be SP5, SP6, and SP8. Random regression models with SP5, SP6, and SP8 covariance functions were fitted to our data in this population, and promise to increase the accuracy of genetic selection in Thai native chickens. These results, however, differ from the earlier findings of Chaonanaue (2009) and Boonkum et al. (2012) , which suggested that Koops and Grossman was the best function for the random regression model of egg production in Thai native chickens. This may be the result of the different breeds studied, the different methods of analysis, or the cross-validation design.
Estimation of Genetic Parameters of Monthly Egg Production
The estimated heritability (h 2 ) of monthly egg production for Thai native chickens from all 9 random regression models ranged between 0.07 and 0.40 (Table 3) . These estimates were similar to those previously reported by Byung et al. (2006); Sang et al. (2006); Oleforuh-Okoleh (2011); Boonkum et al. (2012) , and Bokat et al. (2014) , in which the low to moderate heritability in the native chicken population ranged from 0.04 to 0.38. However, the curve of estimated heritability of monthly egg production in native chickens showed a decline after the initial stages; heritability in the first 2 mo was similar to layers, ranging from 0.09 to 0.30 (Besbes et al., 1992; Biscarini et al., 2010) , but notably different from broilers, which ranged from 0.16 to 0.54 (Luo et al., 2007) . Differences may be attributed to varied breeds, the physiological changes in the initial stages of egg production, and the variation of genetic expression in each period.
The patterns of heritability for monthly egg production of the 9 RRM are shown in Figure 2 . In a comparison of the h 2 curves over the laying period, the results presented WM and KG curves nearly similar in shape, and a slightly higher h 2 at the initial and the end stages of both egg production periods. The LG and SP curves were nearly similar in shape. The highest h 2 was attained in the first mo, then gradually decreased until the third or fourth mo, and remained at 0.1 in the last 2 months. The fluctuation of h 2 in the last 2 mo was demonstrated in all functions, due to the small numbers of records. The fluctuation estimates at the end of curves were dependent on the degree of polynomials in LG functions, which did not occur given the number of knots in SP functions. The SP functions were more consistent in the shape of the fitted curve than in the LG function. Previous studies fitting RRM covariance functions of egg production in Thai native chickens included the Koops and Grossman function (Chaonanaue, 2009; Boonkum et al., 2012) , and Legendre polynomials function (Bokat et al., 2014) , which established different optimal covariance functions for genetic curves, dependent Figure 2 . Estimation of heritability of monthly egg production in Thai native chickens, using random regression models with functions: Wilmink (WM); Koops and Grossman (KG) ; Legendre polynomials second, third, and fourth orders (LG2, LG3, and LG4); and spline functions at 4, 5, 6, and 8 knots (SP4, SP5, SP6, and SP8).
on breed, basis function, data structure, and method of variance estimation.
The heritability of monthly egg production estimated through the spline functions ranged from 0.07 to 0.39, as shown in Table 3 . RRM within the spline functions appeared to be the best models in this study. The maximum h 2 was at the beginning of the laying period, after which there was a rapid decline during the first to third mo of egg production. The results indicate that the genetic selection for egg production in the first laying period may provide a more rapid genetic progress (Besbes et al., 1992; Luo et al., 2007) . The high heritability of SP4 at the end of the egg production period was due to the small number of records that were available, and is likely an overestimation of the true heritability. Linear splines with less than 4 knots are of no practical use in RRM, as they provide an insufficient fit to the covariance structure (Jamrozik et al., 2010) .
The results of this study confirm that the spline functions appear to produce the best fit for estimating the genetic parameters of monthly egg production curves in Thai native chickens (Pradu Hang Dam). Spline models best describe the heritability curve over the laying period, representing peak production and persistence in egg production. SP models also gave higher predictive ability, and helped to avoid biased heritability estimates at the end of the production period, compared to the LG. It is therefore possible to obtain estimated breeding values (EBV) to improve both the cumulative egg numbers and persistence in egg production in the breeding programs for Thai native chickens.
